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ABSTRACT 


Wavelength division multiplexing (Vi/DM) scheme is used to 
mprove the capacity of a fiber-optic communication link. 

'ptical signals at different wavelengths are multiplexed toge- 
ther using this technique. At the receiving end they can 
gain be separated according to their wavelengths using a WDM 
iemultiplexer , 

Wide bandwidth capability of optical fibers make them 
/■ery much suitable to transmit large band signals like spread - 
spectrum modulated (SSM) carrier. Combination of these two 
techniques can give rise to some significant advantages in a 
Dommunica tion network or telemotric systems where different 
isers at different places are sharing the same channel. 

In the. present work spread-spectrum multiple access system 
has been implemented and it has been tested for two asynchronous 
users, A WDM multiplexer adds the local signal with the 
incoming signal at the tapping point. Two LED's being used as 
sources operate at 820 nm and 900 nm wavelengths respectively. 

The WDM multiplexer has been realised using a beam splitter 
and collimating and focussing lenses. A single multimode fiber 
is being used as the optical channel. 



One source sends a digitized voice signal modulated 
by SSM signal in the link whereas the other source sends a 
maximal length, PN sequence asynchronously at the same data 
rate. At the receiving end the SSM receiver circuit recovers 
the digitized voiced signal from the composite signal received. 
Finally this signal is fed to the source decoder circuit to 
got back the original voice signal. Performance of the system 
has been evaluated by measuring bit-error rate (BER) and the 
results confirm its reliable performance as a communication 
data link. 
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CHAPTER 1 


n^TRODUCTION 

1.1 INTRODUCTION TO OPTIC-FIBER AS A COAiiVUNICATION CHANNEL: 

In recent years the use of optical fiber as a communi- 
cation channel has dravm tremendous attention. The reasons 
for its popularity are the following important advantages it 
offers over co-axial cable [l,2]. 

i) Low loss ; It leads to larger repeater spacing; even 

up to 100 km 

ii) Large bandwidth 

iii) Smaller size and weight : Uierefore installation of 

cable becomes easy. 

iv) Immunity from electromagnetic interference (EJVil) 
and electromagnetic pulses (ELP) 

v) Cost effective for large data-rate 

vi) Security : No radiation hazard. 

Fiber optic communication is specially attractive for 
the digital systems for the large data rate it can handle. 
Status of a few fiber-optic digital communication systems 
which have undergone field trial are given below. 
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Even an excellent communication channel like fiber- 
optics has certain li^iita tions . 3omc of which are 

i) Although fiber optic cable itself is inexpensive, 
opto-elec trie and electro-optic transducers and some other 
opto- electronic components are very costly. 

ii) There has been little standardization of components 
and devices so far. Components and devices from different 
manufacturers have different specifications, 

iii) Design of the pre-amplifier in the receiver front 
end is much more demanding in this case because of the very 
weak output available from the receiver opto-elec tr ic 
transducer [7], 

iv) Splicing two fiber ends, attaching a connector etc, 
are elaborate and difficult. In coaxial cable similar 
operations are much easier, 

1.2 SPREAD SPECTRUM SIGNALLING: 

Due to the large bandwidth available in optical fiber 
links one can successfully employ a robust modulation 
technique like spread- spectrum modulation (SSM), In spread - 
spectrum modulation one of the methods used is to modulate 
the incoming data by a pseudo-noise (pN) sequence. The PN 
sequence length should be equal to the data symbol interval 
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and they are modulo-2 added in case of digital signals. Fox 
spread-spectrum multiple access system (SSMA.)jeach user is 
allotted a distinct PN sequence and data from each user is 
modulated by the respective PN sequence. At the receiving 
end respective users decode the data using an exact replica 
of the modulating PN sequence. To reduce the interference 
between different users sequences having good cross-corre- 
lation property like Gold and Kasami sequences are used. 
Cross-correlation values of these codes show a decline as 
the length of the PN sequence incroasos. Hence to achieve 
near optimal performance one has to use a large sequence length. 
This, however, demands greater channel baneJA/idth. If the 
channel is capable of handling the bandv^idth required to 
.send a spread-spectrum modulated signal, this technique can 
offer the following important advantages: 

i) Asynchronous Miltiplexing: Here different users can send 
the data through the link asynchronously. Transmission 
by different users may be at different data rates. Only 
thing required in this case is that the PN sequences 
should have low cross-correlation values, Otlierwise 
interference among different users will make the data 
recovery a difficult task. Highest cros s-correla ti on 
value that the system is capable of handling, however. 
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depends on the actual circuitry. This property can 
eliminate the need of using pule e-s tuff ing technique 
required to establish synchronism between asynchronous 
users . 

.ii) Protocol~Free Data Transmission; Spread-s poctrum multi- 
ple access system is basically code-division multiplexing. 
Different users are allotted different codes. The 
receiving station will receive the multiplexed data and 
will be able to recover the signal meant for it only when 
it is modulated by a particular code (PN sequence) 
allotted to it. Therefore, use of any protocol for 
sending data to the appropriate receivers, is not 
neces sary. 

iii) Secured Communication: Recovery of the baseband signal 
is possible only when the sequence length and connection 
of the shift register (SR) stages for generating the PN 
sequence are known. By increasing the number of SR stages 
the transmitted signal can bo made to appear truely 
random. Therefore tapping the signal and deciphering 
the data is difficult if the exact PN sequence is not 
known. 

Although the data rate in fiber-optic link can be made 
very high, it is not without limits. This limitation in terms 
of maximum data rate capability arises due to the dispersion 
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the light energy has to suffer while propagating through the 
channel (considered as lightwave-guide). This bandwidth 
limitation of the channel may become the source of trouble in 
some applications. For example in a trunk line it may happen 
that after a few years de.tBnd will exceed the channel capacityj^. 
due to the ever increasing number of subscribers, Mso in 
a communication network where different users are operating 
from different places, we need some efficient and easy method 
of adding or dropping a channel at different points in the line, 
((lia ve-length division multiplexing scheme (V/DM) can be employed 
to meet these two demands. Optical property of the channel 
has given rise to this pov^/erful teclmique which can enhance the 
channel capacity as well as provide an easy and efficient way 
of adding or dropping a signal at some intermediate points in 
the line, 

1.3 WAVE-LENGTM DIVISION MULTIPLEXING SCHEME: 

In this scheme different sources are used to send 
signals at different wave-lengths. Each source can use the 
channel at its highest capacity, /at the receiver end these 
sources can be optically separated and subsequently fed 
to the receiver modules. These signals are separated 
in the optical domain having been allotted definite and 
regular wave-length bands, Tlierefore, the received optical 
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signal should be optically separated before carrying out any 
electrical processing^ Loss, dispersion and other important 
parameters in optical fiber are strongly dependent on wave- 
lengths, Hence to ensure that all the channels have similar 
characteristics and to maximize the number of channels to 
be multiplexed vi/ithin the low-loss region of wavelengths, they 
should have as small separation as possible without inter- 
fering with each other* This in turn depends on the wave- 
length spread of the sources used. Although LED’s are till 
now extensively used as sources for optical fibers due to 
their better linearity, greater reliability, lower cost and 

easy availability, they suffer from greater spread in wave- 

is 

length (of the order of 40 nm) , This/_the reason why laser 
sources are particularly attractive in case of VslDiVi, Their 
v^ravelength spread is about 2 nm. Mumber of channels that can 
be multiplexed in wavelength using laser sources is many 
times greater than what can be obtained using LED sources. 

This number is limited by the width of the low attenuation 
wavelength region of fiber and the insertion loss one has to 
suffer for adding channels. This insertion loss is one of the 
three most important considerations for all types of ?/DM 
schemes reported so far; the other two being cross talk 
and interference between two adjacent channels. 
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1.4 V>/DM-SSM SIGNALLING; 

As indicated earlier, VJDM technique can be easily and 
efficiently used to add a signal at some intermediate points 
in the line. If each user is using spread-spectrum modu- 
lated signal^ each node it is only necessary to add the 
signal with the incoming signal and send the combined data in 
the line. Recovery of the base band signal from the received 
data is not necessary. For such spread-spectrum multiple 
access system, at each node wavelength division multiplexer 
can be used, I'ihen only electrical characteristics are 
concerned, wavelength division multiplexing unit is a per- 
fectly linear passive adder which is capable of handling 
data rates of arbitrary high value. J'viost interesting 
feature of this adder is that basically there is no upper or 
lower limit on the data rate of the signal. The upper limit 
is ^however, impos ed by the channel band^^idth, source and 
receiver response times and other associated circuitry, but 
not by the adder. Moreover in other schemes, the requirement 
of recovering data from the modulated carrier using detector, 
amplifier, limiter, data acquisition circuits at these nodes 
can impose additional restriction on the data rate. In this 
SSMr-WDM combined scheme, at the receiver end the composite 
signal is detected, amplified to proper level and fed to the 
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different receivers. The receiver circuits can extract the 
required data in spite of the presence of other signals by 
cross~correla ting received d ta with the- local sequence. 

In the present work t^vo signals at different wave- 
lengths have been combined together to form a VIDM multiplexer. 
Optical separation of these t'-vo signals at the receiver end 
making use of the wavelength separation of these tv;o signals 
has not been possible due to the non-availability of wave- 
length sensitive or angularly dispersive optical components. 
The separation of the signals, hov^over^has been possible by 
two spread-spectrum modulated signals dirough these two 
channels. Since the l‘i DM multiplexer here is essentially an 
adder, the wavelength separation of the source LED’s is of 
no consequence. Also this scheme cannot enhance the capacity 
of the channel. Apart from these limitations, it provides 
us with the facility of combining two signals without using 
detector and additional sources at each node of the network 
System, This will reduce the cost with very little sacrifice 
in efficiency caused by the passive adder, 

1.5 THESIS OUTLINE: 

The contents of different chapters from second to six 
are given below sequentially. 
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In the second chapter different possible schemes of VJDM 
multiplexers and demultiplexers reported so far have been 
discussed. Details of the '■IDM. scheme implemented and its 
different losses have also been indicated. 

In the third chapter principles of operation of spread- 
spectrum multiple access system (SGM) and design and hardware 
implementation of SSMA transmitter and receiver for digital 
signals have been discussed. 

In tho fourth chapter combined SSivt-WDM schemes have been 
described in details and their performance evaluated. 

In the fifth chapter pre-amplifier and LED driver 
circuits and linear and adaptive delta modulators used as 
source coders have been described. 

In tho concluding chapter some results have been given 
and discussed and suggestions for further work have been 


included 



CHAPTER 2 


WAVE LENGTH DIVISION ivULTiPLEXING (WDM) 

2.1 INTRODUCTION: 

Wavelength division multiplexing (rJDM) is a new multi- 
plexing technique peculier to optical fibers. This technique 
can be used to increase the capacity of a fiber optic commun- 
ication system* The basic block diagram of WDM is given 
in Figure 2.1. 

The principle of operation of WDM can be explained in 
the following manner. Signals from several optical trans- 
mitters each enitting at different v^avelengths are launched 
into the same fiber optic channel, Tlie device which performs 
this multiplexing operation is called WDM multiplexer. At 
the receiving end these signals aro separately detected 
according to their wavelengths and fed to the corresponding 
electrical receivers. The device used for this wavelength 
separation is called WDM demultiplexer. Each source being 
multiplexed can operate at the highest speed the channel can 
support. Therefore, the channel capacity can be increased 
as many times as there are such signals getting multiplexed. 

ViJDM may be very useful in trunk lines where the 
demand often exceeds the channel capacity after a few years 
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of use due to ever increasing number of subscribers, V/DM 
scheme can provide an economic and attractive solution 
to this problem without any significant change in the system, 
like change of cable, redesigning any major circuit etc. 
Although conceptually there is no limit to the number of 
channels we can add by this scheme, some serious practical 
problems limit this number to four or five in the low wave- 
length region. These problems include insertion loss, inavai- 
lability of sources at different closely spaced wavelengths, 

interference between adjacent channels, etc. and the loV'/ loss 

■^xben~ 

window width of the used. Several WDIh schemes 

have been reported so far* Each method is an improvement 
over the previous one, either in terms of loss or in terms of 
interference or both, A fevi^ such ;D1 .i schemes are discussed 
in the following section. 

2.2 VQM SCHEME ; A REVIE\-V 

^ • Using Inter f erence Filt er an d Beam Splitters : [ 0] 

This method is relatively straight-forward and can be 
used successfully when only two sources are being multiplexed. 
Due to large insertion loss caused mainly by beam splitters 
having flat response over a wide wavelength, this method 
becomes inefficient when more than two sources are used. The 
scheme is shown in the following diagram (Fig. 2.2), 
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Immediately after the source fibers, collimating lenses 
are used to make the diverging beoms coming out of fibers 
into collimated parallel beams. This creates space to 
introduce the optical components for multiplexing befcare it 
is finally focussed into the transmission fiber by a focussing 
lens, without suffering any significant loss. At the multi- 
plexer end there are no wave-length sensitive devices (beam- 
splitters having 50/ reflectivity and 50/ transmission are 
also wavelength insensitive over the wavelength region of 
our interest). In the demultiplexor in addition to these 
components wavelength sensitive devices like interference 
filters^ are used to separate the signals according to their 
wave-lengths. Although conceptually very simple, this method 
suffers from the following disadvantages which make it 
inacceptable when number of sources is large [greater than 
three] , 

Large Number of Components ; 

For one additional source we have to add two 
components at the multiplexer end and three at the demulti- 
plexer end. This increases the cost, calls for larger 
spacing between the collimating and focussing lenses and 
brings dowi the efficiency of the system. 



14 


b) Losses ; 

Each beam splitter introduces minimum 3 dB loss for 
optical sources, Ivloreover there are losses as soc ia ted with 
lens arrangement due to aberration (th.is is present in other 
systems also where lenses are used), interference filters 
etc. If we assume that these losses (other than beam 
splitter) to be 0.5 dB, total loss of this system becomes 
7 dB (including multiplexer and demultiplexer) for each signal 
source. If one more source is added, worst case loss becomes 
double, -14 dB, This may be inacceptable in many cases. 

I mprovements ; 

Several suggestions have been made for the improvement 
of this scheme keeping the basic structure the same, 

i) If the two wavelengths are far apart, one can get away 
with one interference filter only as suggested in Fig, 2. 3 [9], 
This is possible because of the fact that detectors used do 
not have a flat response over the entire wave~length. For 
example^ silicon detectors (say apD) can detect radiation 
around 850 nm v;avelength region but do not respond to any 
radiation at 1300 nm wavelength, InP/GalnAsp detectors can 
detect radiation at 1300 nm wavelength. They, however, 
respond to radiation at 050 nm also. Therefore we can 
select == 9 v .2 ~ 1300 nm and at the receiver end 
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if one silicon and other InP detectors are used we need just 
one filter tuned at 1300 nm. The major disadvantage of this 
system is -tliot the choice of wavelengths becomes restricted, 

i i ) Changing t he be a m Splitte r by ^ javelen qth S en siti ve Device s : 

The huge loss introduced by the beam-splitter can be 
reduced drastically if one can replace them by those having 
wave-length dependent reflectivity and transmission. Referring 
to Figure 2,^ , we have to use cold mirrors in place of the 
beam-splitters, which win transmit radiation at and 
reflect at Design of such cold mirrors becomes diff icult 

when the t/^o wavelengths are very closely located. There is 
one more important advantage i,e,,if wavelength response of 
these cold mirrors can be made resonably sharp v^^e do not 
need any filters for separating the beams at the receiver end. 
One can, however, use filters additionally to reduce the 
interference still further. The most important advantage of 
multiplexers of this type is that its flat band response is 
very large. This is due to the fact that except for the 
interference filters other optical devices are not strongly 
wavelength dependent. The flat band response of this scheme 
depends mainly on the design of filters. Therefore due to 
aging if the wavelength of the source drifts, it will not 
degrade the performance of the system. This can eliminate 
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the elaborate feedback arrangement necessary for preventing 
the shift of source wavelength with time. 

There are some general practical considerations v'hich 
can improve the performance of Vi/DM, These are equally 
applicable for other systems. They include the selection of 
input and output fibers according to their core dimeters, Itio 
output fiber, if possible, should have larger core diameter 
and greater numerical aperture than input fiber to avoid the 
loss due to astigmatism of lenses. If GRIN-rod (Graded 
Refractive Index) lenses are usedjbho system can be made more 
rugged, reliable and efficient, h'e will come to this point 
at the end of this section. 

Using Blazed P lane Gra ti ngs f 1 0] : 

In terms of economy of components and the overall 
efficiency of the system, this scheme is by far the best. 

This scheme in block schematic is given in Fig. 2,4. 

Due to tho angular dispersive nature of the gratings 

<diff OAc-HiTn 

the angle of (in case of reflection type of 

grating) depends on the v>/a velength. In case of ordinary 
gratings this resolution is prorninant only in the secondary 
spectrum in which 10;;^ of the total energy is concentrated. 

To increase the efficiency blazed gratings are used preferably 
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with gold coating, so that wavelength resolution can be 
obtained in the principal spectrum also. The attractive 
features of this scheme are listed below, 

i) FeV'/er nu mber of components; This scheme requires 
just one grating in addition to the lens e-arrangement. More- 
over the number of components does not increase as the number 
of signal sources to be multiplexed increases. Therefore 
the number of channels can bo made much higher than that 
possible in the earlier scheme. For 3.ncreased number of 
channels, problem may arise for accurately placing the output 
fibers in close proximity, 

ii) Low loss: Insertion loss caused by the blazed 
reflection type grating can be made only 0.0 dB as reported by 
Aoyama et,ai, [lo] (compared to 3 dB loss in case of beam 
splitters). This loss remains the same even if the number of 
channels are increased. This makes it possible to have large 
number of channels multiplexed without sacrificing the 
efficiency of the system. As many as 10 such channels have 
been reported. 

To have a sufficiently largo flat-band response it is 
important to have output fiber core diameters greater than that 
of input fiber, "Jider the flat-band response less is the 
aging effect. Again we can not have another source emitting 
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at a wavelength around that flat-band of the other source. 

It is always advisable to keep the v/avelengths as close as 
possible so that number of channels can be made large. 
Therefore one has to compromise between these two factors 
while designing the entire system. 

Several improvements over this basic schemes have been 
reported. They have aimed at to the reduction of the number 
of components and thereby decreasing the loss of the system, 

i) Modification over the previous set up to have a 
Littrow mounted grating [ll]. By this arrangement loss 
suffered at the grating can be minimized. Demultiplexer 
block diagram is given in Fig. 2,5. 

The demultiplexer has five channels in the 0,8 pm 

wavelength region. Insertion loss is 1,7 dB in each channel. 
Cross talk at the center vjavelength in each channel is less 
than -30 dB, Using a large core (130 pm) output fiber a 
flat passband of 9 nm has been obtained, 

ii) Using concave qra tin qf 12,131 ; In this arrangement 
the concave reflecting surface is used for focussing. No 
separate lenses are required for collimating or focussing the 
beam. Therefore, the losses associated with lenses and the 
necessity of using anti-reflection coating over the surface 
of the lenses can be eliminated altogether. The input light 
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containing multiple wavelengths is radiated from input 
fiber, diffracted and focussed stigma tically by the concave 
grating. In block schematic the arrangement is given in 
Fig, 2.6. 

The efficiency achieved in this arrangement is greater 

fbat of 

thanj^any other methods described here. The sources of loss are 
diffraction loss by grating (1,7 dr3) ^reflection loss from the 
output fiber surface and the coupling loss. Cross talk at 
each center wave-length has been reported to be -30 dB, To 
increase the efficiency still further -fee the concave surface 
can be made as a Rowland circle v/here the angle between the 

faccJb foiceJir 

main diffraction and cylinder tangent -gaysi must be 

rolled 

constant throughout the area. 

From the previous discussion v/o can safely say that 
using diffraction grating we can have compact, efficient V/DM 
system with considerably large number of channels. Mechanical 
arrangement for positioning the fibers and gratings, however, 
should be more precise, 

C. USING PRISM [8] ; 

prism being another angularly dispersive optical device 
can also be used in '.iDM scheme. Although it can offer 
efficiency of the same order as can be achieved by using 
gratings, they are seldom used duo Lo the large size required. 
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WDM demultiplexers using gratings and prisms (both being 
angularly dispersive devices) • work with same principle 
of operation. The block schematic as shown in Fig, 2,7 shows 
a 'WDM scheme using prism. 

As explained earlier lens arrangements are necessary 
to make the diverging beam coming out of input fiber into 
collimated one so that sufficient space can be obtained before 
it is focussed into the transmission fiber. Significant 
improvements of the system can be achieved if one uses 
graded refractive index rod (GRIN-rod) lenses instead of 
conventional homogeneous lenses. Problems encountered with 
homogeneous lenses are 

i) We need fairly large NA lenses with negligibly small 
aberration and astigmatism. This needs an array of 
several lenses making the mechanical assoiTibly very 
compl icated. 

ii) Free space is left between tlie lens and the fiber 
assembly. There it may accumulate dust and thereby 
increase the insertion loss. 


iii) Anti -^reflect ion coatings are needed, 

iv) If the source is away from the lens-axis the receiver 
fiber has to be placed correspondingly away from the 
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axis at an angle with the principle-axis. This 
makes it difficult to mount the fibers when there are 
many channels, 

2.3 USE OF GRIN-rod LEIJSE IN WDM TECHNIQUE: 

These difficulties can be removed using GRIN-rod 

lenses [ 14] , These lenses are cylindrical in shape and the 
refractive index gradually increases as we move tovi/ards the 
principal axis. Following the ray-optics analysis the path 
followed by a light ray inside the GRIN-rod lens is depicted 
below. Due to their structures it has similarity with gradeci- 
index fibers as shown in Fig, 2.8. 

GRIN-rod lenses are made with length L/4, At this 
point as can be clearly seen from the following expanded view, 
the output beam is a collimated one (Fig. 2.9). 

Fibers can also be glued to the planer surfaces of the 
lens using some refractive- index matching cement. This will 
result in a rugged and dus't-free system. 

If Graded- index fibers are used, the resulting aberration 
of the entire assembly can be reduced by a factor of three 
compared to the system using homogeneous lenses. This is 
probably due to the inherent structural similarity of between 
the lens and the fiber. 

There is one important angular characteristic of the 
GRIN-rod lenses. It can be seen that even if the source fiber 
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is off the lens axis we do not need any complicated angular 
positioning of the output fibers, Tlie ouiput fiber can be 
conveniently placed parallel the lens-axis. This is illust- 
rated in Fig, 2*10 v/here the collimating and focussing lenses 
are placed togetoer. 

Besides these, it is possible to fabricate GRIN-rod 
lenses having very small focal length ( 'V/ millimeters) and 
large NA to match the fiber outputs and they can perform 
much better than the homogeneous lenses. 

Making use of these characteristics of the GRIN-rod lenses 
simple, rugged and efficient WDM multiplexers are possible to 
be fabricated. One such scheme is shown in Fig, 2.11. 

Instead of using broad- band beam splitters if filters 
are chosen to have reflectivity and transmission that very 
significantly with the wavelength of the incident beam, 
insertion loss can be made very small. For such filters it is 
necessary that the beam is incident normal to the filter to 
reduce the polarization dependence and other problems. If the 
length of the lens is made large this condition can be 
achieved, A more elaborate arrangoment for an alternate 
wave-length division multiplexer has been shown in 
Figure 2*12. 
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Significant improvements can be achieved in the VIDM 
multiplexing scheme using blazed grating if GRIN-rod lenses 
are used [15] • Instead of using tv/o lenses, one for colli- 
mating and the other for focussing, only one GRIN-rod lens 
can do the job as indicated in Fig, 2.13. 

The space betv^/een the lens and the grating can bo 
filled with a wedge shaped dielectric spacer so that the 
entire device can be cemented together into a stable solid 
assembly. Also by this arrangement a Littrow mounting of 
the grating is possible. Reported loss contribution in such 
a grating multiplexer is given below. 


Bending and misalignment loss 

= 0.4 

dB 

Aberration loss 

CO 

, 

o 

11 

dB 

Element loss 

CD 

• 

o 

1 

dB 

Total 

= 2,0 

dB 


Cross talk at the center wavelength -30 dB, The experiment 
was carried out with two v>;avelengths at 1.30 pm and 1,37 pm. 

Another 'dDM scheme has been reported [16] in which no 
optical multiplexer or demultiplexer is necessary. This is 
possible by using the light source that emits several colours 
and a photo- detector that has ability to demultiplex the 
incident light. This multicolour LED is a combination of 
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several LED's fabricated at different layers grown on an InP 
substrate as shown in Fig. 2.14 


Fig. 2.14 



XnF 


: Multi-layered diode structure for 
V/DM scheme. 


The band-gap energy of the upper p~n junction diode is 
greater than that of the lower ones so that it does not absorb 
the radiation ccsiiing out from the lov;er diodes. At the receiver 
end also photo diode structure remains the same. In GaAsp or 
InP has been used in the quaternary layers. This alloy can 
entirely cover the low spectral \vindow of optical fiber while 
keeping the lattice matched condition with InP substrate. Also 
due to its direct energy gap. in the absorption band, the 
photo absorption coefficient is large. Thus the required 
thickness of the layer to maintain 'the filter action is thin, 
while the decrease in absorption coefficient at the band edge 
is sharp, which results in the narrow spectral transition 
region of the fabricated diode. 
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2.3 SYSTEM IMPLEIvENTATION : mh\ 

In tlie present v^oxk a ViDtfvi multiplexer has been 
implemented using a wave-length insensitive broad-band 
beam splitter, collimating and focussing lenses. The system 
has two channels. TWo LED sources used for this purpose emits 
at 820 nm and 900 nm wavelengths. Each LED has wavelength 
spread of approximately 40 nm (as provided in the manufacturer's 
data-sheet). All the optical devices are mounted on )C-Y-Z 
manipulators placed on an optical bench for proper aiiignment, 

820 nm vvavelength source is a pig- tailed L^D whose 
specifications have been provided in the Appendix, The driver 
circuit described in 3oc. 5.1 is being used for driving a 
current of 100 mA through this LED. The driver circuit and 
the pig- tailed LED is housed in 'to a cabinet and it is fixed 
one side of an aluminium sheet having V~grooves running 
through its center. The fiber f-ib './as strapped into one of 
the V-grooves, The entire asseiibly is fixed rigidly on a 
X-Y-Z manipulator. 

900 nm source is an ITT transmitter module which 
includes the driver circuit and the LED, Specifications is 
given in the Appendix, The output from this source was 
taken out with piece of fiber (core diameter 60 • 
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At the other end of the fiber, the outer jacket was taken out 
and the bare core plugged into a micro-positioner. The 
micropositioner was then mounted on a Z-Y-Z manipulator. The 
X-Y~Z manipulator was used for coarse adjustment and the 
micro-positioner for finer adjustment. 

The output fiber having core diameter -^250 pm , was 
also alligned with a micropositioner. The lenses were 
mounted on fixed stands placed on the optical bench using 
L-shaped lens holders. The beam-splitter was mounted on a 
stand having a rotational motion in addition to Z-Y-Z movement. 
The rotation is necessary to set the proper angular orientation 
of the beam splitter. The entire system has been described 
in Figure 2,15 

To reduce the insertion loss the output fiber was 
selected with much larger core diameter than input fibers,' The 
lenses used are microscope objectives to minimize the 
aberration and astigmatism. The numerical aperture (NA) of 
each lens is 0,25 which is greater than the largest NA of 
the fibers used. This will also reduce the insertion loss. 

The output fiber, optical devices and 020 nm source are placed 
on the same optical bench for proper allignment. The 900 nm 
source and the corresponding collif'e ting lens were placed on 
separate mount so that the two collirreted beams from these two 
sources are normal to each other. 
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The Vi/DAi demultiplexer has not been implemented for 
the non-availability of vy/ovelength sensitive devices like 
interference filters or blazed gratings. The two multiplexed 
signals have been separated electrically using spread 
spectrum technique assigning different codes to the two 
sources, Tliis electrical separation obviously cannot exploit 
all the advantages of UDM system. Still combined 

scheme has its own advantages which may be applied successfully 
in some applications as suggested in Chapter 



CHAPTER 3 


SPREAD SPECTRUM IvULTlPLE ACCESS SYSTEM IMPLEMENTATIOM 

3.1 INTRODUCTION TO SPREAD SPECTRUM JvULTIPLE ACCESS 
SYSTEM (SSMA); 

In recent years spread spec trum module t ion techniques 
have given to some distinct advantages in some applications 
of communications which are not obtained using other conven- 
tional methods. The basic principle of this method, as the 
name suggests, is to spread the signal before transmitting 
through the channel. The resulting data rate is many times 
greater than the actual data rite. There are mainly three 

methods, available for this purpose, namely Direct Modulation, 

chirp 

Frequency Hopping and ^ Modulation [22], It can be found 
from Shannon's equation for channel capacity that for 
spectral spread of baseband signal, this system can operate 
v^ith much lower signal to noise ratio, i.e., in much noisy 
environment vihere other conventional systems will fail. This 
inherent interference rejection capability endows the system 
with a very pov;erful property, called ' Anti- jamming* which 
can be successfully en^loyed in military applications. All 
the advantages of spread spectrum modulation technique are 
gained at the expense of bandwidth. For multiple access 
system, however, this problem is not so severe. 
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3.1.1 DIRECT ADDUIATION (DM) TECHNIQUE: 

This technique is by far the most widely used of the 
three SSM schemes and it has been employed in the present v;o":k. 
In the folloV'/ing paragraph this method will be described 
briefly. 

In direct modulation technique, the baseband signal is 
modulated by a pre-determined code having some desirable feature 
like good cross-correlation property, easy and reliable 
reproducibility etc. Selection of code has been discussed 
later* Optical fiber communication being basically a base— band 
system; unlike the free-spaco systems, does not require any 
carrier, and hence PSK or FSK is not emplyed. The modulation 
is done by an Ex-OR gate where data and code are applied at 
its two inputs. Process gain achieved by this system can be 
approximately calculated using the emperical formula. 


G 


P 


= Process gain = 


BVJ recfui red by modulated signal 
Information Rate 


In our case the information rate is 32 Kb/s and SS 
modulated signal is 32x127 Kb/s, 


Gp =» 10 log 127 r= 21 dB 

This process gain determines the maximum strength of 
the interfering or jamming signal the system can reject. In 



our case the jamming signal strength should not be such that 
the signal to noise ratio goes bolow m 21 dB, This property 
can also, be justified intuitively considering the principle 
of operation of the receiver circuit, 

3.1,2 Spread Spectrum Receiver Circuit: 

The SSM receiver circuit is basically a despreading 
arrangement. This despreading is accomplished by correlation 
operation. In the receiver, the same code which the trans- 
mitter uses for spreading the information signal is locally 
generated. The received signal is correlated with this 
locally generated code. Some sort of sliding arrangement is 
also incorporated in the receiver circuit to synchronise the 
locally generated code with the received code. The correlation 
function of a maximal length sequence in absence of any 
interfering noise is triangular in nature. As can be seen in 
Sec, 3.3, more sharp it is, bettor is the performance of tlie 
receiver. In the presence of any interference signal this 
sharply peaked correlation becomes rounded up. More the 
interfering noise strength, flatter is the correlation. 

Finally when the noise reaches its jamming threshold value 
the correlation function becomes almost fiat and the receiver 
ceases to operate. 



3.1.3 Coding for SSM: 


In spread spectrum systems, as noted earlier, certain 

codes are used for modulating tho baseband signal and thereby 

Spreading the information data to generate a spread-spectrum 

modulated signal. There are several codes available for this 

purpose. Among them maximal length codes are most widely 

used for the simplicity in generating them and their good 

cross-correlation property. In such a system when there are 

several users, each one can be assigned a particular code 

(say m-sequence) and they can address the respective users 

who respond to a particular code. These users need not be 

Synchronous, This asynchronous multiplexing is one of the 

most important advantages of spread spectrum technique. For 

this type of allocation of codes it is also referred to as 

Code division multiplexing. Number of users that can be 

multiplexed, however, depends on the jamming threshold of the 

1 eng th 

system. This in turn depends on the bit of the code sequence. 
Such a system where several users are using same bandwidth 
of the channel is called spread spectrum multiple access 
( SSMA) system. 

Gold codes are another set of codes (not maximal 
length) which are also extensively used for their low (altliough 
greater than that for maximal length codes) and uniform 
cross-correlation values. Apart from these tvj-o codes Kasami 
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codes and some other codes can also be used for this purpose. 

All these codes have one feature in common, - they are 
all pseudo-noise, i.e,, they are deterministic sequences 
having properties like that of white noise. Hence if the code 
length can be made large enough they will appear to be noise 
to somebody who does not have any prior knowledge about the 
code itself. This property can be used for a system where 
message privacy is of utmost importance. This type of 
security is inherent to the spread spectrum system, 

3.2 SSM TRANSNiITTER: 

Once the basic principle of spread spectrum modula- 
tion is understood, the design and implementation of trans- 
mitting becomes relatively easy and stra igh’t- forward. The 
principal task of the transmitter is to generate a definite 
pseudo-noise binary sequence './hich will be used to modulate 
the data. The modulation task is performed by EXOR operation. 

In the present work a maximal length sequence using 
seven stage shift register (sequence length = 127 bits) has 
been used as the modulating signal, A block diagram of -Uno 
scheme is given in Fig, 3.1, First the data clock has been 
multiplied 127 times using a PLL to maintain synchronism. 

This synchronism is necessary because one data bit should 
fully encompass the entire 127 bits of the maximal length 
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PN sequence. The PLL has been realised using MC 4024 and 

MC 4044 chips. The sync, pulse to the PLL has been provided 

by using a decoder which gives a high output only when ail 

the 7 stage outputs are 'l*. This particular choice of the 

decoder has been made for chip economy. It requires dual 

4- input AND gates which are available in a single chip. The 

duty cycle of this sync, pulse is only , but it does 

not affect the operation of the PLL. The PLL is +ve edge 

triggered. A shifted version of the modulating PN sequence 

is sent for the purpose of synchronisation in the delay lock 

loop receiver. The third stage output of the 7-stage shift 

register is directly sent for that purpose. A simple decoder 

circuit, in addition to that used for generating sync, pulse 

to the PLL, has been used to prevent the shift register 

zev'o 

stages from entering all row states. V'/henever it enters 
that state the decoder circuit introduces a »i* in the 
feedback path and its normal feedback operation starts again. 
This decoder circuit however remains ineffective for all 
other 127 states of the 7 bit SR stages. Provision has been 
made to add 3 more users synchronously a asynchronously using 
3 additional OR gates which are essentially adders plus 
limiters. The circuit diagraui is shown in Fig. 3,2. 

3.3 SPREAD SPECTRUM RECEIVER CIRCUIT: 

As noted in the introduction, receiver is a 
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despreading circuit used to recover the base band signal 
from the received SSM encoded signal. The receiver has tv^o 
parts to perfoiTO the following operations: 

a) To generate and track the code sequence used to 
modulate the baseband signal* 

b) To demodulate the information data from the received 
data pattern which contains the modulated data plus 
interfering noise. 

There are several types of receiver circuit possible 

for this purpose. In the present work delay-lock-loop circuit 
to 

has been used/track the signal. It is principally a non- 
linear feedback system which employs a cross correlation in 
the feedback loop to track a particular PN sequence. Here 
it has been used to regenerate the modulating maximal length 
PN sequence synchronously with the transmitted sequence. 

Before the received data is applied to DLL, it has been 
amplitude limited to two levels. The principle of operation 
of the circuit is given below in Sec, 3.3.1 with the help 
of a basic block diagram (Fig. 3.3), 

After locally generating the code sequence the demo- 
dulation operation has been carried out in two stages. First 
the synchronizing PN sequence has been eliminated using two 
Ex-OR gates and then the resulting signal is passed through 
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a second order integrator which shows peaks whenever the 

baseband signal is one. The decision whether the data is 

one or zero is taken by a Schmitt trigger. Much of the 

and 

interfering noise gets eliminated by this integra tor/^schmitt 
trigger, and the receiver can take decision in the presence of 
large interfering noise. Detailed description is given in 
Sec, 3,3,3. 

3.3.1 Principle of Operation of DLL: 

The received signal is corrupted by noise and shifted 
from the original and is represented by 

fpQ S(ti-r ) + n(t) 

Loop filter is a low-pass filter and its transfer function 
is Gjl F(P/P^) 

VCO gain : G = — /sec/volt, 
c cx 

The output of the cross correlator is 

x( t)=k[ S( t+^+ r + ) — S(t-/;i+ [Y^Pg S(tf '^)+n(t)] 

After Taylor series expansion the input signal can be 
written as 

2 

fPg [s(tf )+ ^ S”(t+T )+.,.] -i-nCt) 

where 

delay error 

-A 

e = "T ( t) - 'T-( t) assumed to be small. 
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The primes refer to the differentiation with respect to the 
argument and all derivatives are assumed to exist. 

There is one restriction under which the receiver cir- 
cuit has to operate. Initially the delay error has to be 

/V 

small so that the series expansion of S(t+r ) about S(t + r ) 
converges rapidly. 

= [s( t4-4+ S( t- A+ T )] [Y^Pg ^S( ti-t )+€S*(t+r ) 

+ S’ ’ ( t+- T )+ . . , ^ + n( t)] 

=6S(t4-T) [YPg I S(tfr*)+ S’ (t+-r)+ ^ S” (1 h-4)+ ^ 

+ n(t)]. 

where 6 S(t)^ S(t+^) - S(t-4i). 

It is closely related to the expression for the differentiated 
signal used in cross-correlation operation namely 

dS Yf- S(tf6 ) - S(t- 6) 

Ht = ^ 

6-+0 

= fPgS s(tf ^). £S’ (-tF T)+ ng{t) 

where 

Ti^(t) = 6s(iH-^ ) [fPg )+ ^ S”(t4-^)+ ... 

+ n(t)]. 
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Following consideration win help to simplify the expression 
further and understand the tracking behaviour better. 

a) S(t) is normalized to have unity power. Therefore the 
the received signal power = A , 

b) The term 6S(t+- x), s'(t+ t) has a non zero average value 
given by pd, the power in the differentiated signal. 

/\ 

6 S( t+ . S’ ( t+ } = P ^ 
where S2 has a zero mean, 

■ ^ ^d ^ ^e^ * 

The tracking behaviour of this loop can be obtained from the 
above equation. Suppose input delay x (t) is suddenly increased 
by a small amount. The delay error £.(t)^ initially assumed 
to be small also increases and multiplier output also increases, 
VCO characteristic is selected appropriately such that it 
forces the delay estimate to increase and thus tracking 
operation is accomplished. The discriminator consisting of 
the cross— correlation network and the low-pass filter gives 
an output which is an estimate of the delay. 

Throughout the analysis we have assumed that the error 

paragraph 

is small. In the following/we will show that in the given 
configuration once the circuit gets into the ' lock— on* condition 
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the delay error should not exceed one clock-width for the 
proper tracking operation. 

For a binary sequence having levels 'O' and ’!’> the 
autocorrelation function stands as given in Fig, 3,4, For 
the operation shown in the Fig. 3, 3 the output of the adder 
shows a characteristic as shown in Fig. 3.5, 

For this closed-loop system the characteristic must 
have a +ve slope and the VCO should have +ve slope for proper 
tracking of the pseudo-noise sequence. It can be seen from 
the above diagram shown in Fig, 3,6 that for this condition 
to be fulfilled the system can faithfully track the sequence 
only when the delay does not exceed twice the clock-width. 
This gives the maximum delay error the system can handle. If 
delay error exceeds this value the DLL goes out of its lock 
and further acquisition is not possible so long as the delay 
does not come below this value. 

Initially we have assumed that the input signal has 
been passed through an amplitude limiter before it is fed to 
the cross-correlator. This will greatly sinplify the actual 
circuitry in implementing the delay lock tracking circuit 
with very snail degradation in signal to noise performance 
of the circuit. The signal-to-noise ratio of the circuit 
will however come down by 1.98 dB only. 
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We have therefore shown that a delay-lock-loop can 
track any pseudo-noise sequence when the sequence is know 
and the delay does not exceed a specified value (2^). Now 

&ir\counJte/i(Z.ci 

there is another problem^when one wants to use it in spread- 
spectrum multiplexed circuit. This difficulty arises due 
to the fact that in SSM the input sequence is not the PN 
sequence itself. It is used to modulate the data, Wnen the 
DLL receiver receives an inverted version of the pN sequence 
the discriminator characteristic gets inverted and the 
receiver circuit goes out of lock. This behaviour of the DLL 
circuit can be justified as follows. 

Assume that the input is an inverted PN sequence: 

The correlation of this inverted PN sequence with the nth stage 

output of feedback shift register is as shown in Fig, 3, 6(c), 

tKe. 

The slope of the characteristic at Wfts portion where it 
is desired to get locked is negative. This negative slope of 
the characteristic drives the circuit out of lock* 

This problem can be avoided by sending an additional 
PN sequence as it can be used for proper synchronisation. 
Another method would be by introducing a second feedback 
loop Whose purpose is to invert the incoming signal 
whenever the base band signal is ’!•, This secondary loop 
requires elaborate noise- eliminating circuit and also 
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decreases the stability of the circuit significantly. The 
first method is, however, straightforward although it 
decreases the number of users to half of the full capacity 
when all the users are asynchronous^.- . In the present work 
this method has been adopted, 

3,3,2 Implementation and Circuit Description of DLL: 

As indicated earlier, incorporation of the amplitude 
limiter at the input has greatly simplified the circuitry. 
Using ‘cycle and add' property it can bo shown that exclusive- 
nor operation in case of TTL binary signal is equivalent to 
multiplication for analog signal. Thus we can avoid analog 
multiplier circuits which are expensive and very difficult 
to implement using discrete components specially at high 
frequency. 

In stead of using any active device for subtraction, 
we have used a passive adder using resistor string. 

The signal which is going to be subtracted is first 
inverted and then applied to one input of the 
adder, the other signal being feed straightaway. 

It can be shown as given in Figure 3,7 that this 
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combination performs the same operation. The nature of the 
waveform is, the same as the difference of two signals^ only 
the output has some off-set d.c, voltage. 

The loop filter was designed using a first order 
integrator with a lead- lag netV'/ork, A bufferstage has been 
connected at the output of the integrator to interface it 
with other circuitry. Before the signal is fed to the VCO 
input there is one gain stage to adjust the loop gain and an 
adder circuit using pA 741 to elevate the error voltage 
above certain d,c, voltage. This is necessary because the 
VCO operates linearly only when the inpui: voltage lies 
between +2.5V to +5 volts. The VCO output is then used as 
the clock to the FBSR stage and this closes the loop. The 
integrator resister and capacitor values and the loop gain have 
to be adjusted for the optimum performance of the circuit, 

3,3,3 Data Recovery Circuit; 

Once the ELL gets locked with the synchronising PN 
sequence, this PN sequence is used to get the modulating PN 
sequence. Also the effect of this synchronising PN sequence 
has to be eliminated from the input signal. Two successive 
E>GOR operations accomplish that operation in the receiver 
circuit. 
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Once the synchronising PN sequence has been removed 
it is again EXDRod with the modulating PN sequence and passed 
through a second order integrator. The integrator time 
constant was designed in such a manner that it integrates over 
one full data bit and reaches saturation. Besides faster 
roll down, this second order integrator has another advantage 
that it can be coupled to subsequent gain stage without using 
any buffer* Gain of the integrator was kept slightly greater 
than unity. This causes some oscillation at the output and 
it was successfully utilized to incorporate a schemitt 
trigger which also eliminates some noise and clock jitter. 

The gain and the loop-width of the schmitt trigger have to bo 
adjusted by trial and error method to get an optimal perfor- 
mance. The entire circuit is shown in Fig. 3,8, 

MEASURED VALUES 


performance of the SSM receiver has been measured both 
synchronous and asynchronous users. These values are given 
below. 


a) Using asynchronous users 

No, of users Bit error rate 


1 

2 

3 

4 

5 

6 


No error detected during 15 min* of 
observation, 

t I 

0.65 X 10“^ 

0.74 X lO”"^ 

0.31 X 10“^ 

0,11 X 10’"^ 


For synchronous users no errors have been detected during 
15 minutes of observation for[six such users] . 










CHAPTER 4 


COMBINED WDM ~ SSM SIGNALLING 
4,1 INTRODUCTION; 

WDM scheme has been used at the nodes where in a 
communication link one user wants to feed some cfcta into 
the line. In conventional structure at these nodes the 
incoming signal is first detected, subjected to some electrical 
processing, added to the d^ta coming from the local user and 
again sent into the channel. This becomes a costly affair 
mainly because of the detectors and sources .required 

at each nodes. This addition of data at nodes can 
be achieved using WDM multiplexer where the signals can be 
added optically without going through all the necessary 
electrical processing. In our system different users are 
sending spread-spectrum modulated data through the channel. 

They are allotted different maximal length sequences each of 
127 bits. For this spread-spectrum multiple access system 
the users need not transmit synchronously. Therefore, at the 

cLdd 

nodes it is only necessary to the two incoming 

signals, and this has been achieved using a V/DM multiplexer. 

As indicated in Sec, 1,4, the wavelength separation of the 

sources located at different places is not necessary for the 

of 

present work, because of the use/.SSM techniques. If at the 
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receiver end WDM demultiplexer can be used, the capacity of 
the channel can be further enhanced. The advantages of this 
WDM-SSM combined system are noted below: 

i) Simple node structure:. 

At each node we need a few optical components only. 

Any one of the schemes suggested in Sec, 2.1 can be used. 

If wavelength sensitive devices, are used for this multi- 
plexing operation like gratings prisms etc, then the sources 
should be at different wavelengths, V'/hatever method may be 
adopted, the node structure becomes much simpler. Otherwise, 
if broadband beam-splitters axe used, sources can operate 
at the same wavelength, 

ii) Perfectly Linear passive Addition: 

Perfectly linear addition can be achieved using this 
WDM multiplexer. Intensities from the two fibers at the node 
are added and the resultant signal sent into the channel. 
Besides insertion loss, the two signals suffer losses due 
to aberration and astigmatism of the lens assembly. It can 
be made very small using some efficient technique as 
suggested in Sec, 2.1, This technique, however, does not 
provide any gain. 

iii) Cost Effective; 


At the nodes wo need only a few simple optical devices 
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like lens, beam splitters etc# Since no detectors, sources 
and electrical processing circuits are need, it can reduce 
the cost for such node structure, 

iv) Recovery of Baseband signal is not necessary: 

It is possible due to the fact that we aro using 
a spread- spectrum multiple access system. This eliminates 
the requirements of using costly and elaborate circuitry 
to detect the base-band data and assign appropriate time— slots 
to the local users (as done in time-division-multiplexing), 

v) Protocol-free tfeta Transmission; 

In the YWM-SSM combined system it is possible to 
use all uncoordinated users. Therefore, no protocol is 
necessary for maining synchronism between different 
users in the line , 

The present system is not without some disadvantages. 
The limitations of the scheme arc given below, 

i) No improvement of channel capacity: 

As indicated earlier it is possible to enhance the 
channel capacity using scheme. In this scheme since 
we are usin<g only a WiM multiplexer for the purpose of 
addition, the channel capacity rorreins the same. One can 
however, use a demultiplexer at the receiver end, separate 



55 


the two sources according to their wavelengths and feed 
them to the respective users. In this way the channel capa- 
city can be increased or if this larger channel capacity 
is not needed , the interference caused by one user to the other 
can be further reduced. 

ii) No gain in signal level achieved; 

Due to the passive nature of the V»?DM multiplexer the 
signal levels of the two incoming data cannot be elevated. 

On the contrary they suffer from the losses associated with 
the multiplexer circuit as indicated in Sec, 2,1. If the 
detectors and additional sources are used at these points 
certain amount of gain can be achieved during the electrical 
processing of the signals and this node can as well act as 
a repeater station for the data coming down the channel. The 
passive adder, however, cannot provide this facility, 

4,2 DESCRIPTION OF THE COMBINED SYSTEM: 

It was intended to send a spread-spectrum modulated 
speech signal through one channel. The other source, which 
may be located at a different place, was used to send a 
PN sequence which would act as an interfering signal to 
the first source. Performance of the entire system was 
checked with and without the presence of the second user in 
the link. The entire system block diagram is given in 
Fig, 4,1, 




ULOCK, Op Tp£ sysrE-M 
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The input signal was taken from a sine wave oscillator 

whose frequency was changed from 300 Hz to 3,5 KHz (speech 

bandwidth). An adaptive delta modulation circuit has been 

used as a source coder which encodes the input analog signal 

into digital data coming out in synchronism with a clock of 

32 Kb/s* The details of this source coder is given in Sec, 

5,4. Thi's data is then fed to a spread spectrum modulator 

circuit which spreads the bandwidth of the signal 127 times 

by using a 127-bit length maximal length sequence. Principle 

have 

of operation and circuit description been provided in 
3.2. The resultant data at 4.064 Mb/s is applied to the 
led driver circuit and subsequently sent into the channel at 
820 nm wavelength. 

At some intermediate point in the line a WDM multi- 
plexer has been used. One channel input is the data coming 
out of the 820 nm source. Another LED source at 900 nm 
wavelength sends data into the second input of the WDM multi- 
plexer, This data is another 127-bit long maximal length 
PN sequence at 4,064 Mb/s, The two data rates are same but 
asynchronous to each other. They are added linearly and 
again fed into the channel. 

This combined three-level detected signal at the 
receiver end, raised to a certain voltage level using the 
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low-noise receiver pre-amplifier [Sec, 5*2) is passed 
through an amplitude limiter and comparator to get a two-level 
TTL compatible output. This data is then applied to the 
spread-spectrum receiver circuit using a delay lock loop. 

This circuit as elaborated in Sec, 3.3 recovers the baseband 
data from the incoming modulated signal corrupted by noise 
and data from the second source. The bit-synchronizer 
circuit extracts the clock from the received data pattern 
using delay and multiply technique (Sec. 5,5,1), Finally the 
data and clock have been applied to the adaptive delta modu- 
lation receiver circuit to get an analog output which is a 
replica of the input analog signal, 

4,3 'performance EVALUATION: 

Perfornmnce evaluation of the system was done for 
various conditions as described below, 

4,3 .1 A Multiple Threshold Detector Circuit was used to 
separate the two channels. This demands the coupled power 
from one source to be weaker than the other. For this 
condition the two signals can bo separated as given in 
Fig, 4,2, 

The three reference values were set as shown in 
Fig, 4.3, The experimental set-up used for this purpose was 
as shown in Fig, 4.4. 
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The strength of channel 2 was reduced by keeping the 
input fiber slightly off~focus. The data frequencies of 
two channels were changed independently. 

Max, operating frequency of source 1=6 Mb/s 
Max, operating frequency of source 2 = 15 Mb/s 

EXie to the reduced strength of the signal from the 
source 2 its maximum data rate decreases. 

For proper operation we need definite values of the 
signal strengths from the tv;o channels. Aging effect may 
cause the degradation of signal strength and thereby require 
readjustment of the threshold circuit to maintain the 
operation of the link. Moreover we need ultra-stable 
reference levels. All these factors make this threshold 
detector circuit unstable to be used in any real time sig- 
nalling for separating the two channels. Here it was 

used to check the perfornsnce of the V'IDM multiplexer. It was 
not possible to measure various power levels for want of 
sufficiently sensitive power meter. 

4,3.2 The experimental set-up to measure the bit error 
rate (BER) of the system is given in Fig. 4,5, 

The error detector detects error in an incoming 
maximal-length sequence, A 7-bit PN sequence (matched to 
the sequence generated in the error detector) was applied to 
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to the spread-spectrum raoduia tor. At the receiver end, BER 
of the recovered signal was measured with and without the 
presence of the second channel which acts as an interfering 

source to channel 1, Measured values of BER are given 
m sec. 4.4 

4,3,3 Now the entire system as given in Fig. 4,1 was connected. 
Frequency of the input sine-wave was varied over the entire 
speech spectrum. (300 Hz to 3.5 KHz). The output obtained 
was a stair-case approximation of Ifie input analog signal. 

The output can be made smooth if it is passed through a low- 
pass filter. In absence of the second channel the receiver 
circuit faithfully reproduces the signal, but in the presence 
of that channel, the recovered signal quality shows some 
degradation in the form of abrupt dips and peaks in some parts 
of the signal. Measured values are given below. 

Max, possible input aiaplitude at 300 Hz = i'i vol+s 
Max, possible input amplitude at 3.5 KHz= ^5 mV 
Readings were taken just before the slope over-load condition. 
Those readings, however, remain the same when the 
second channel is also operating. 
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4.-4 'RESULTS; ' - 
DIFFERENT PARAMETERS MEASURED 

1« The following parameters have been measured for the 
WDM scheme impl omen ted, 

a) Maximum operating frequency of source l ( = 820 nm) 

= 15 Mb/s 

Maximum operating frequency of source 2 ( = 900 nm) 

= 9 Mb/s 

b) Output of receiver pre-amplifier when only source 1 

is operating ; 25 mV, 

Output when only source 2 is operating ; 17 mV 
Output when both axe operating : 42 mV 

2. Different Bit Errors of the System are shown below. 

Bit Error Rate of the data coming from source 1 

a) With source 2 off : no error detected during 15 
min. of observation, 

b) With source 2 on : 1.0 x 10'"'^ 



CHAPTER 5 


CIRCUIT DEXRIPTION OF THE CUB-CYSTEMS USED IN THE LINK 

In this chapter some of the circuits used at different 
points in the system have been described and their circuit - 
diagrams have also been provided. These circuits include LED 
driver, low-noise receiver pre-amplifier, adaptive delta 
modulation (ADM) transmitter, bi‘t- synchronizer and ADAi receiver. 
Algorithms and principle of operation of these circuits 
have been given wherever necessary, LED driver circuit and 
receiver pre-amplifier are integral parts of any fiber-optic 
communication system. They have beon designed and fabricated 
to operate above 10 Mb/s, It was intended to send a spread - 
spectrum modulated speech signal through the channel. The 
ADM transmitter has been used as source coder which digitizes 
the speech signal, it has 16 different step-sizes and 
operates with 32 Kb/s clock. At the receiver end bit synchro- 
nizer circuit using modified digital phase-lock-loop was 
fabricated to extract the clock of the delta modulated speech 
signal. Finally ADM receiver which is essentially same as 
the local decoder circuit in the ADAi transmitter has been 
described, 

5,1 LED DRIVER CIRCUIT: 


LED’s are current driven directly modulated light 
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sources. Figure 5.1 shows the LED driver circuit. The LED 
that has been used emits at a wavelength of 820 nm and has a 
wave-length spread of 35 nm. Other specifications of LED have 
been given in the Appendix, 

This circuit is relatively straight- forward. Basically 
it is a switching circuit capable of driving current from 
zero to 250 mA at high speed (excess of 15 Mb/s). It operates 
from a single +5V supply. The principle of operation of this 
circuit is same as that employed in a standard TTL gate, 
and have been used to hasten the drain of stored base 
charges from and Q^, The resistor connected in sdries with 
the LED can be varied to set the LED driving current at a 
particular value. Incorporation of a line-driver reduces the 
loading of the input, if there is any. The capacitor C 
smoothes out the huge power supply transient spikes which 
affect the operation of the circuit. Two similar stages have 
been connected in parallel to increase the current driving 
capability without affecting the speed of operation, 

5,2 L0V;-M0ISE RECEIVER PRE-AMPLIFIER [17,18]: 

A BJT input receiver pre-amplifier has been designed 
and fabricated. It operates at frequencies in excess of 
10 l^/s. At such high frequencies tlio input impedance of FET 
shows a drastic fall which reduces the gain of the amplifier 
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and increases its noise-figure. One of the trans istorsof 
ultra-high speed transistor array (CA 3127, f ^ > 1 fflz) has 
been used to keep the characteristic unchanged throughout its 
operating range. The detailed circuit diagram is given in 
Figure 5,2, Trans impedance type feedback has been applied to 
avoid the use of an equalizer at such high data rates. The 
receiver circuit has been built-up in three stages. First 
stage provides high input impedance to the signal coming out 
of the PIN photo diode. This also improves the noise figure 
of the amplifier[7] , The intermediate stage is a cascode 
amplifier stage. The output of the first high input impedance 
stage has been designed to match the cascode amplifier stage. 
Incorporation of cascode stage reduces the effect of Miller 
capacitance which can significantly affect the performance of 
the receiver circuit specially at high frequencies. The final 
stage is an emitter follower to enhance the driving 
capability. Feedback has been applied in two stages, from the 
cascode amplifier stage and the emitter follower stage. 
Potential divider arrangement for the biasing of the final 
emitter follower stage has been avoided to increase into 
input impedance. Biasing d.c, current, however, is being 
supplied by the stage before it. No a.c. coupling has been 
done between these two stages for that reason. A few readings 
have been taken to evaluate the performance of the receiver 
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sec 5'fe. 

circuit and they are listed in These results 

include the rise time, fall time, cjain vs. frequency, eye 
diagram at its maximum operating frequency etc. 


5,3 LINEAR DELTA IvDDULATION: 

In any delta modulation the digital version of the 
error signal is sent into the channel. In case of linear 
delta modulation, if the receiver receives ’1' it interprets 
it as a command to increase the signal amplitude by a pre- 
determined amount whereas it decreases the signal amplitude by 
the same amount upon receiving a ’O', This increment or 
decrement value of the signal level is a fixed quantity. To 
send the correct error information, a local decoder circuit 
is built in the transmitter to construct the signal from 
the data pattern sent by the transmitter. The incoming signal 
is constantly compared with the local decoder output, decision 
so as to send a one or zero is taken accordingly and trans- 
mitted at a rate determined by the clock supplied externally. 

The receiver circuit is an integrator whose time constant 

% 

determines the step size and it is usually kept the same as 
the transmitter step-size to reproduce the signal faithfully. 


In stead of using analog integrator, it is possible to 
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construct the local decoder circuit and the receiver by 
using mode control up/dovn counters and digital to analog 
converter (DAC), The circuit was constructed according to 
the flowchart given in Fig, 5.3, 

The mode control pin of the counter 74191 is connected 
directly to the input so that if the received data is ’1’ , the 
counter counts up and it counts clovm if the input is zero. The 
ripple carry output has been used to indicate overflow or 
underflow and it is directly connected to the counter inhibit 
pin, TVo four-bit counters were used and the final stage 
ripple carry output v<ias used to indicate overflow/ underflow. 
Ripple carry of first stage, however, was used for cascading. 
The eight output pins of the two ^.-bit counters are connected 
-to DAC 0808 v>fhich gives the equivalent analog output, 

Vi/ith this local decoder, the linear delta-modulation 
transmitter stands as shown in Figure 5,4. 

5.4 ADAPTIVE DELTA ADDULATION (ADM): 

In adaptive delta modulation, the step-size is not 
constant, but becomes a function of the instantaneous slope 
of the input signal. Step-size is progressively increased 
under slope overload situation, Slope overload is detected 
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by the presence of successive one’s or zero's in the trans- 
mitted data stream. In the present case occurence of two 
1* s or O's have been considered for this purpose. 

In the present circuit an adaptive digital integrator 
has been made using A bit counter and an ALU unit which can 
accommodate 16 different step sizes. The sequence of 
operations in the local decoder circuit and the receiver 
circuit has been given in the flow-chart as 

shown in Figure 5,5, 

ALU’s have 5 control pins, the states of these pins 
determine the algebraic or logical function it carries out on 
the two sets of inputs, each having 4 bits. In both the 
stages of ALU Aq, Aj^, A 2 ^ A^ (A port) are connected with 
outputs Fq, Fj^, F 2 , P 3 (F port) through +ve edge triggered 
latches. Other input lines B 2 , ^3 port) are 

connected directly to the outputs of a 4 bit counter. Same 
clock is connected to the buffer, counter and D flip-flop. 

In block schematic the entire transmitter stands as shown 
in Figure 5.6, 

Each ALU chip (74181) has separate leads to indicate 
carry and borrow overflows. These leads were used to cascade 
two stages. Two complementary timer circuits have been used 
to generate pulses at each data transition and thereby clear 
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the counter. The counter unit instructs the ALU’s to perform 
'A plus v/here is the B-port of 1st ALU stage only 
whenever the data is high. Since the output port F is 
connected to A-port through latches, at each clock, contents 
of F-port appear at A~port and the total count of ALU goes on 
increasing on receiving successive ones. The increment of 
step-size is accomplished by the counter whose outputs are 
connected to B -port and which keeps on counting so long as 
there is no change of data. If data does not change even 
after 15 clock periods, counter operation is inhibited and it 
retains its value at 15. Thereafter it maintains a fixed 
step-size for further appearance of same data. 

The function of the control unit is determined by 
the following tables. 


First Stage of .ALU M = Low 


Data 

Control Outputs 

Operation: F=: 

Overflow/ 

underflow 

Sq a S2 S3 C„ 

L 

. L H H L H 

A minus B minus l 


L 

i 

L H H L H 

A minus B minus 1 

G—L 

H 

H L L H L 

A plus B plus 1 


H 

H L L H L 

A plus B plus 1 



Table 5,1 
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Overflow of ALU is indicated by a low at pin and 

it has to be sampled while data is high. Correspondingly, 
underflow is indicated by a low at G pin which is sampled when 
da ta is l ow , 

The functions of the control circuit for the 2nd 
stage of ALU is tabulated below; 

X indicates ’don’t care’ states 


Table 5.2 

Second Stage of ALU M = Low 


Inpui 

t to Control Stage 

Control Outputs of 
2 nd ALU 

Operation 

Data'’ 

G from 
1 st ALU 

=n+4 

1 st ALU 

% % 32 S 3 C„ 

_ 

L 

L 

X 

H H H H H 

F = A minus 1 

L 

H 

X 

L L L L H 

F — A 

H 

X 

L 

L L L L L 

F = A plus 1 

H 

X 

-H 1 

1 

1 

L L L L H 

F A 

i 

- J 


Vi/ith these operations the step-size increase algorithm 
becomes as follows; 

InitiSil conditions : Counter content = 0 

ALU outputs = 0 


Data = Low 
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Table 5.3; Step-size Algorithm 


Clock No. 

Data Received 

Counter Content 

ALU outputs 

1 

H 

0 

1 

2 

H 

1 

3 

3 

H 

2 

6 

4 

H 

3 

10 

5 

H 

4 

15 

«r 

♦ 


» 

• 

• 

9 

• 

• 

<• 

9 

• 

12 

H 

11 

66 

13 

H 

12 

78 

14 

H 

13 

91 

15 

H 

14 

105 

16 

H 

15 

120 

17 

L 

0 

119 

18 

L 

1 

117 

19 

L 

2 

114 


8 output pins ( F— port) , four from each stage of ALU 5 
are connected to the 8 inputs of DAC 080 8 . It gives the 
corresponding analog output. 



76 


The error signal thus constructed in the local decoder 

circuit is ccxnpared with the original incoming signal and rest 

as 

of the processing is same/^ that described in Section 5,3, In 
the transmitter, overflow or underflow prevention circuit is 
not necessary because the error signal is being continuously 
compared with the original signal. This consideration is 
important in the receiver circuit where there is no reference 
input signal. The detailed circuit diagram is provided in 
Figure 5.11, 

5.5 ADAPTIVE DELTA- M3 DULAT ION RECEIVER CIRCUIT: 

Essentially the receiver circuit is the same as the 
feedback path circuit which is the local decoder at the 
transmitting end. Therefore it requires the data clock for 
its operation, A • delay-and-mul tiply’ synchronizer circuit 
has been made to extract clock from the data. This circuit 
is described below, 

5.5.1 Delay and Multiply Bit Synchronizer [19]: 

The block schematic of the synchronizer is as shown 
in Figure 5,7, 

For digital signals multiplication operation can 
be accomplished by exclusive-OR. Hie narrow bandpass 
filter has been realized by modified digital phase lock 
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loop[20] (PLL). The delay of approximately half of the clock 
was obtained by two monostables and an inverter. The PLL used 
here acts as a band-pass filter v\hose pull-in range and 
lock range should be selected depending on the data rate. 

Theoretically it is desirable to have a large pull-in 
range, wide capture range and very narrow band-width* But 
these three parameters cannot be chosen independently speci- 
fically when stability is also cons idored[ 21] , For a first- 
order loop, expressions for damping factor and natural 
frequency become 

1/2 
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From the above expressions it can be seen that large time 
constant for high loop-gain (KqKjj) will reduce the 

damping factor and hence decrease stability. Therefore, if 
a narrow band-width is desired, the damping factor will 
become very small and instability will result. It is not 
possible to adjust bandwidth, damping factor and loop gain 
independently. To avoid this following loop filter confi- 
guration has been used (Fig. 5,8). 


— \pHfiSE miBcro^ 
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Fig. 5,8: PLL with 2nd order loop filter 
In this case the four design formulas become: 

= [ 

^ 1 * 2 
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Pull-in range = + f2 

Hold- in range 0 )pj ~ + KqK^ 

We choose = 0,1 and = 32 Kb/s,'\felues of and Cj^ 

found by iteration are 

R^ = 10 

R^ = t'S'K 
= O'l >UP- 

For these values Aoiu = ^ and /i,w_ = 

n p 

The total bit synchronizer circuit, therefore stands as 
showi in Figure 5.9, 

5.5,2 Signal Construction 

Rest of the receiver circuit is same as the local 
decoder circuit of the transmitter with a provision to hold 
the states of 8 input linos of DAC 08C8 whenever the second- 
stage of the ALU shows a overflow. To indicate underflow 
from second ALU stage a separate circuit has been made, 
because ^ pin of74181 gives false indication of underflow for 
control input pattern 

Sq = = Sj = S3 = C„ = H 

and 

Sq = Si = $2 = S 3 = L and = L 
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'^n+4* however, gives correct overflow indication for all 
conditions. 

The circuit used to check this overflow and underflow 
is shown in Fig, 5,10. Whenever overflow or underflow occurs 
output Q of D flipt^flop goes high and it inhibits the ari throat ic 
operation of ALU and forces it be ^ in the 'hold on’ mode i.o, 

F — <*'A. This condition persists so long as there is no change 
in data. Whenever data changes its state a pulse is generated 
which clears the flip-flop and the normal axithmatic operation 
starts again. This has been 

realized by using a few more logic gates in the control unit 
(OR and NOR), The gain of tho circuit can bo sot by changing 
the resistor which provides trans- impedance feedback in the 
current to voltage converter (using 74l) connected at the 
output of DAC 080 8. Detailed circuit diagram is given in 
Figure 5.12. 
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Rocoivor Pro-amplifior Frequency Response 
1, Transmitter power kept fixed. 


PIN diode 
output 

Pro-amp, 

output 

Frequency 

Gain 

.CX)6V 

.15 V 

200 Hz 

25 

1 1 

.14 V 

500 Hz 

2-3 '3 

1 1 

.13V 

1 KHz 


» I 

.12 V 

2 KHz 


.005V 

.12 V 

5 KHz 

24 

,004V 

.12V 

10 KHz 

30 

.003V 

.IIV 

20 KHz 

36 

.OOlV 

.IIV . 

50 KHz 

110 

Unidentifiable ' ‘ 

100 KHz 



1 1 

200 KHz 



t ! 

500 KHz 



\ 1 

1 MHz 



t » 

2 MHz 



t 1 

5 MHz 



t ^ 

9 IVHz 



t t 

11 JVHz 



Receiver rise- time 


Fa 11- time 


0.09V/.05 yisec 
0.09V/0.07 P.SOC 



CHAPTER 6 


CONCLUSION 

6,1 PERFORMANCE OF THE OVERALL SYSTEM AND SUBSYSTEMS: 

A data link has been implemented ccsnbining wavelength 
division multiplexing and spread spectrum modulating tech- 
niques, SSM technique allows the users to access the channel 
asynchronously without using any protocol whereas 
multiplexer provides a simple but efficient node configuration 
at some intermediate points in the channel, performance of 
the system can be evaluated on the basis of the measured 
values of the following factors, 

a) Multiple Access Capability 

b) System BER with number of users 

c) Maximum operating frequency 

d) Performance as voice data link 

e) Economy of the system 

f) Loss consideration 

In the following, different measured values have been 
mentioned and compared, wherever possible, with theoretical 
values or data from similar system. 

(a) and (b) : In the present system ' two asynchronous users 
have been used and they can access the channel simultaneously. 
In the following table the BER of the present system has been 
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compared with the theoretical values. Comparison of the 
values with some other practical systems was not possible for 
want of sufficient data. 

Table 6.1; 


No. of 

Theoretical 

Theoretical 

SSM Sub- 

Overall 

users 

SNR 

BER 

system BER 

system BER 

1 

8.86 

< 10“^^ 

No error 

No error 




detected 

detected 



.6x10”® 

during 15 
min. of ops. 


■ 2 

7.57 


4 X 10”® 

3 

6.77 

.8x10”® 

0.65x10”® 

- 

4 

6.21 

0.1 3x10”"^ 

0.74x10“'^ 


5 

* 

00 

0.72x10”^ 

0.31x10”® 

- 

6 

5.4 

0.23x10”® 

0. 11x10”^ 

- 

7 

5.07 

0.68x10”® 

- 

- 

8 

4.8 

0.13x10”^ 




(For asynchronous users) 

Higher BER of the overall system with two asynchronous users 
is probably due to jitter in the recovered data. 

The performance can be improved with some modifi- 
cations in the SSM circuits as suggested in Sec, 6,2 (ii)* 
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c) Maximum operating frequency of the system is determined 

by the slowest source. In our system operating frequencies 

for source 1 ( = 820 nm) = 15 JVib/s 
for source 2 ( = 900 nm) = 9 Mb/s 

The system can operate at 9 Mb/s, 

This value goes down as the number of users increases due 
to the loss suffered for the addition of each source. 

It has been observed that each source when connected 
directly with a single optic fiber operates at 20 Mb/s, If 
the division of energy with beam-splitter in 'filM Mux is 
equal they should operate at nearly same frequency (which 
would be less than 20 Mb/s), THere the difference in the 
values of the maximum operating frequency arises because the 
unequal reflectivity and transmission of the beam splitter 
used. Improvements are possible if efficient WDM technique 
is used as suggested in Sec, 2,1. 

d) The System exhibits wide and linear dynamic range for 
voice signal: from 75 mV to 700 mV, 

This has been achieved mainly due to the adaptive delta 
modulator circuit being used as source coder and decoder. 

This range is much grater than that can be achieved using 
linear delta modulation. Comparison has not been made since 
sufficient data could not be accumulated. 
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The adaptive delta modulator circuit has some minor 
problems which introduces some distortion in the reproduced 
signal at the receiver end. Possible rectification has been 
suggested in Sec* 6,2(ii). 

e) Different power losses cou^d not be measured since 
sufficiently sensitive optical power meter was not 
ava liable, 

f) Actual comparison between the cost of this system and 

that of other type could not be done due to non-availability 
of such data, 

6,2 SUGGESTIONS FOR IMPROVEMENTS: 

SSM system performs better if two separate maximal 
length sequences (m-sequences) are used for synchronization 
and modulation. It is evident from the following expressions 
of cross— cor relation (considering the presence of carrier), 
k— 1 

SNR X for two m-sequences 

SNR ^ for two bit-shifted pattern of same 
m-sequence 

The transmitter circuit should be modified accordingly, as 
shown in Fig. 6.1, if two m-sequences are used. In this 
scheme the decoder circuit is important because the two 
sequences are required to maintain a predetermined phase 
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relationship. In the earlier scheme since two PN sequences are 
taken from different tappings of the came shift register, this 
relationship is automatically maintained. 

The receiver circuit has also to be modified accordingly 
to acquire these two m-sequences in correct phase and frequency. 
For this purpose a pll and decoder circuit win have to be used 
ns shown in Fig, 6.2, The decoder should be identical to that 
used in the transmitter. The basic delay lock loop and data 
acquisition circuit however, remain the same, 

ii) In the ADM transmitter it has been observed that the 
local decoder output shoots up at some random points and then 
gradually comes down in steps. This introduces distortion at 
the output of the receiver especially at low signal levels. 

This difficulty can probably be elininated by introducing a 
overflow/ under flow prevention arrangement in the transmitter. 

The basis for this comment lies in the fact that the receiver 
circuit where this feature has been incorporated, does not 
produce such random spikes, 

6,3 APPLICATION: 

i) Telemetry System: VJhere informations from different 
stations win have to be sent through a common channel to 
a monitor or control station, viz., pov\/er system telemetry. 
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ii) In a data network where data from different users 
located at different places can be entered or tapped from 
the channel, 

iii) Using a demultiplexer, a duplex transmission system 
can be implemented using different v\;aveleng tht*r soun-Cii-t, 

iv) Capacity of the system can be improved without a 
very significant modification of the hardware [using WDM 
multiplexer and demultiplexer], 

6.4 aJGGESTIONS FOR FURTHER V^RIC: 

In future to extend the capacity of the system works 
can be motivated in the following directions, 

a) Design and fabrication of receiver pre-amplifier 
and LED driver at higher speed. 

b) Use of iiiore users in the channel and determina ticn 
its limit, 

c) Use of a UDm demultiplexor in the present system 
and evaluation of its performance, 

d) Establishment of a full-duplex link and its 


performance evaluation 



APPBslDIX 


SPECIFICATIONS 

a) Input Fiber; 

Manufacturer ; ITT, Type T-1221 

Length used ; 1 meter. Numerical Aperture (NA) = 0. 

Core diameter ; SOP 51x50 pm^ SOP = Start of file 

BOP 51x52 BOP = End of file 

Outer diameter; 

SOP : 124x123 p.m^ 

EOP : 124x126 

Dispersion 1,06 ns/km at the rate of 0.9 pm 
Loss 6,1 dB/km at the rate of 0,05 pm 

b) Output Fiber 

Manufacturer : VALTEC , Type PCS 

Core diameter = 250 pm 

Clas diameter = 400 pm 

Length used = 000 meters 

Dispersion 40 ns/km. Numerical aperture = 0.3 

c) Transmitter Module: 

Manufacturer : ITT, Type TXC-05 
LED type 0FED-02C 

High level output : 378 pco = “-4,23 dBm 

Power supply current 271 im 

led wavelength : 900 nrn (center frequency) 



d) PIN photo-diode: 

Manufacturer : ITT, Type OFrP-04 
Dark current : 0.248 nA (at -lOV) 

Response to 10 at -lOV : 5,43 pA 
Responsivity : 0.543 Amp/vVatt, 

e) Pigtailed LED source: 

Manuf ac tur er :Laser Diode Inc,, Type, IRE~150F 
Termination pittailed 290/540 PCS fiber 
Fiber core diameter : 290 pm 
Numerical Aperture : 0.25 

Center wavelength : 82.0 nm 

Coupled power at fiber end : 67 po) 
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